The ecohydrological impact of tree-canopy removal on moss and peat, which provide a principal carbon store, is just starting to be understood. Different mosses have contrasting contributions to carbon and water fluxes (e.g., Sphagnum fuscum, Pleurozium schreberi) and are strongly influenced by tree-canopy cover. Changes in tree-canopy cover may therefore lead to long-term shifts in species composition and associated ecohydrological function. However, the medium-term response to such disturbance, the associated lag in this transition to a new ecohydrological and biogeochemical regime, is not understood in detail. We investigate this medium-term (4 years) ecohydrological, biogeochemical, and species compositional response to tree-canopy removal using a randomized plot design within a northern peatland. This is the only study to test for the influence of increased light alone. We demonstrate that changes in treatment plots 4 years after tree-canopy removal were not significant. Notably, P. schreberi and S. fuscum remained within their respective plots post treatment, and there was no significant difference in plot resistance to evapotranspiration or carbon exchange. Results show that tree-canopy removal alone has little impact on bryophyte ecohydrology in the short or medium-term. This resistance to disturbance contrasts strongly with short-term changes observed within mineral soils, suggesting that concurrent shifts in the large scale hydrology induced within such disturbances are necessary to cause rapid ecohydrological transitions. Understanding this lagged response is critical to determine the strength of medium to long-term negative ecohydrological feedbacks within peatlands in addition to carbon and water fluxes on a decadal timescale in response to disturbance.
forested peatlands (Bisbee, Gower, Norman, & Nordheim, 2001 ) and contribute up to 69% of total ecosystem evapotranspiration (BondLamberty, Gower, Amiro, & Ewers, 2011) . Typically, feather mosses (e.g., Pleurozium schreberi) are associated with a high black spruce stand density and Sphagnum carpets are more typical of open tree-canopy peatlands. A combination of these floor cover types exist on peatlands with low stand density. Since tree cover controls the moss layer environment (e.g., temperature and radiation), its loss or thinning results in different ground layer species compositions as a result of competition and extinction-colonization dynamics. Feather moss groundcover percentage is negatively related to tree-canopy transmittance of photosynthetically active radiation (PAR), when Sphagnum is present while percentage ground cover of Sphagnum is positively related to tree-canopy PAR transmittance (Bisbee et al., 2001 ). This suggests that thinning of tree canopies will increase Sphagnum cover. Carbon and water fluxes would alter as a result because Sphagnum fuscum is three times more productive than P. schreberi (Bisbee et al., 2001 ) and evaporates much more due to its enhanced water transport abilities (McCarter & Price, 2014) .
Short-term studies within mineral soils suggest that S. fuscum cover increases in the first years after tree-canopy removal (Fenton & Bergeron, 2007) and P. schreberi shows complete absence after 1 year (Shields, Webster, & Glime, 2007) or significant decreases in cover after 4 years (Fenton, Frego, & Sims, 2003) . Despite the extent of tree-canopy disturbance within carbon rich forested peatlands, and their strong control over water and carbon fluxes, the medium-term response of moss species composition that characterizes the transitional periods of lagged responses and their associated carbon and water fluxes, remains largely unstudied. It may be argued that transitional phases dominate peatland composition and function, particularly in boreal Alberta. The cycling of disturbances such as fire, thinning, clear cutting, and seismic line creation is continuous in this region, resulting in a patchwork of continually responding ecosystems, yet work at the response/transitional phase (medium-term) timescale is rarely considered. Findings of short-term studies may change in the medium-term because the disturbance/treatment response processes may take longer than their study period. For example, a decline in S. fuscum 2 years after tree-canopy removal is suggested to have been a result of physiological shock due to exposure to new conditions (Fenton & Bergeron, 2007) and is likely to recover (Clymo & Duckett, 1986) . In addition to lack of medium-term studies, we are not aware of any that report or demonstrate minimal changes in water-table depth and/or the impact of machinery. These are common confounding factors in large-scale timber clearances where most tree-canopy removal studies have taken place.
We target these key knowledge gaps by investigating the ecohydrological, biogeochemical, and compositional response of two key northern bryophytes to tree-canopy removal. The experiment is uniquely conducted with before and after treatment (tree-canopy removal) plots in a black spruce peatland, with no additional factors (e.g., disturbance related changes in water levels and surface micro topography), allowing unequivocal evaluation of medium-term moss response to changes in light conditions alone. The isolation of light as a process that likely induces changes to the influential moss layer will allow more robust and flexible modeling and predictions of peatland ecohydrological functioning to various disturbances including, tree removal, insect infestations, and any other light increasing disturbances.
| STUDY SITE
Experiments were conducted on a poor fen in central Alberta, Canada (55.81°N, 115.11°W) . The depth of peat is ≥3 m and the hydrological regime is such that it is part of a larger flow-through system within the landscape, resulting in a stable water table. Total annual precipitation for (for the study period) 2010, 2011, 2012, 2013, 2014, 2015 was 282, 489, 497, 523, 376 and 387 mm, respectively 2004) . A cylindrical clear plexiglass chamber (volume of 12.6 L) was placed over the collar for 2 min and the air inside mixed continuously using a small fan. Changes in the humidity and CO 2 concentration within the chamber were measured every 1.6 s using a PP systems EGM4 infra-red gas analyser. A dark (opaque) chamber with the same dimensions was used to measure respiration (respiration assumed equal to dark chamber CO 2 flux) by the same method as described for resistance to evapotranspiration. Light chamber measurements were immediately followed by dark chamber measurements between 9 a.m. and 5 p.m. Temperature measurements were taken at 0.02 m below the bryophyte surface. Evapotranspiration rate (ET) was calculated from the slope of the linear change in vapor density (Stannard, 1988 ) during the first 35 s of measurement because changes in vapor density reduce significantly after the first minute (also reported by Kettridge et al. (2013) ). The surface resistance to evaporation (r s ) is equal to
where ρ vs and ρ va are the saturation vapor density of the peat surface and the vapor density of the air within the chamber, respectively and r a is the aerodynamic resistance within the chamber during a measurement (calculated by placing the chamber over a water bath at room temperature (r s = 0) and calculating evaporation accordingly using the same setup and duration as the field method).
| CO 2 flux
Net ecosystem exchange (NEE) was calculated from (Shaver, Street, Rastetter, Van Wijk, & Williams, 2007) ,
where ρ is air density (mol/m 3 ), V is the volume of the chamber plus base (m 3 ), A is the projected horizontal surface area of the chamber (m 2 ), and dC/dt is the rate of change in CO 2 concentration within the plexiglass chamber (μmol mol
μmol m −2 s −1 ) was calculated in accordance with Equation 2 but with dC/dt determined within a dark (opaque) chamber. Gross ecosystem productivity (GEP) is equal to NEE-RE, where a negative value indicates carbon uptake and a positive value indicates carbon release.
| Chlorophyll fluorescence measurements
Maximum quantum yield of photosystem II (F v /F m ) was used to assess plant stress in response to tree-canopy removal due to its sensitivity as an indicator of plant photosynthetic performance (Maxwell & Johnson, 2000) . An OS30p handheld chlorophyll fluorometer was used to measure F v /F m after 20 min of dark adaptation (Maxwell & Johnson, 2000) of mosses in each treatment. The theoretical maximum of F v /F m is between 0.78 and 0.89 (Adams & Demmig-Adams, 2004) . Individual species will have different optimal values when un-stressed. Lower than optimal values indicate a lowered photosynthetic capacity (or stress); normally, this is water stress for bryophytes (Maxwell & Johnson, 2000) . Chlorophyll fluorescence measurements were taken from all plots at regular intervals between 6 a.m. and 6 p.m. 4 | RESULTS
| Species cover
Plots in 2010 were selected to include 100% cover of the respective species. S. fuscum and P. schreberi were still present in the relevant treatment and control plots in 2014 (Table 1) . No significant difference was observed in either species abundance as a result of treatment. All S. fuscum plots contained 100% S. fuscum cover in treatment and 4.2 | Gross ecosystem productivity, surface resistance and moisture
In 2014, gross ecosystem productivity did not differ significantly between treatment types but did show significant differences with species (Table 2 and Figure 1 ) with S. fucsum (mean: −6, ±0.6 SE) more productive than P. schreberi (mean: −12, ±0.9 SE). Surface resistance was significantly different between species (i.e., r s greater in P. schreberi plots: Figure 2 ) but did not show a treatment effect (   Table 2 ). Moisture in the top 0.06 m also did not differ significantly with treatment but did show a significant species and year effect ( Figure 3 ).
| Chlorophyll fluorescence
In 2015, both mean P. schreberi and S. fuscum 5 | DISCUSSION
| Species response to disturbance
Pleurozium schreberi is negatively correlated to the tree-canopy PAR transmittance when Sphagnum is present and is typically found under dense tree covers (Bisbee et al., 2001) . Sphagnum is positively correlated with tree-canopy PAR transmittance and associated with open tree-canopy areas (Bisbee et al., 2001) . It is therefore likely that longterm shifts toward an S. fuscum dominated system will occur in response to tree-canopy removal. Despite this, tree-canopy removal alone did not cause any significant changes in species compositions in the medium-term. P. schreberi was present in all treatment collars 4 years after tree-canopy removal and showed no significant decrease in cover. We suggest here that the tree-canopy PAR transmittance, substrate type, depth, and its associated hydrology not only control the species distribution (Bisbee et al., 2001 ) but also modify the rate of this transition in response to tree-canopy removal.
Decline in P. schreberi has been attributed to increased evaporation stress. If tree-canopy cover is not adequate to prevent evaporation stress, feather mosses dry out and die because they are nearly independent of the substrates' water supply (Johnson, 1981) . Thus, evaporative stress will provide the likely driver for the expected longterm transition from P. schreberi to S. fuscum after tree-canopy removal. P. schreberi treatment plots exhibit less optimal F v /F m , values compared to control plots, resulting in reduced carbon accumulation which slowly reduces their competitive strength and groundcover. Further work is required to determine how the duration and intensity in P. schreberi stress varies on a diurnal cycle, its association with treecanopy removal, its link with evaporative demand and near-surface moisture/tension. However, this evaporative stress is the probable cause of the observed decline of P. schreberi abundance and long-term shift to a Sphagnum dominated system. We observed that if increased evaporative stress associated with increased solar radiation is acting alone, the resulting shift in species occurs much slower, with no significant changes found within 4 years, suggesting the response is lagged.
This lagged response left subcanopy species outside of their niche environment, in this experiment, for a period of greater than 4 years.
Despite the slower response observed in this study, Shields et al. (2007) and Fenton et al. (2003) observed a complete loss of P. schreberi within mineral soils 1 year after tree-canopy removal and a significant decrease after 4 years, respectively. This significant and rapid decrease/absence of P. schreberi in response to tree-canopy removal in short-term, mineral soil studies may be a result of changes in nearsurface moisture saturation levels. A change in the moisture regime as a side effect of tree-canopy removal may be due to a change in any combination of the following: substrate depth, substrate storage, transpiration rates (lack of, after disturbance), disturbance size, and compaction. If the balance between the water storage available and reduction in evapotranspiration through tree removal results in a water table rise to a level unfavourable for P. schreberi, changes in species compositions may occur at a faster rate. Tree removal can result in a Note. Asterisk (*) = significant.
water table rise (due to lack of transpiration; Pothier, Prévost, & Auger, 2003) , which causes negative effects in feather moss (Busby, Bliss, & Hamilton, 1978) in as little as 4 months (Birse, 2016) . However, nearsurface moisture conditions did not change significantly within our study. It is also unlikely that water levels changed significantly, due to the small scale of the disturbance (and low predisturbance transpiration rate) and the fact that the system has groundwater through flow.
This ground water through flow limits large water level fluctuation that would adversely affect the studied mosses. The small scale nature of the experiment on a large groundwater fed fen facilitates the minimization of water level changes as a confounding effect (which is supported by soil moisture results; Figure 3) . Further, such a rapid transition may be exacerbated by the tree clearance method employed. For instance, machinery used for harvesting can cause variable changes in forest floor depth by substrate compaction (Mariani, Chang, & Kabzems, 2006) . Trees were cut by hand in this study, therefore, eliminating the influence of such disturbance. The lack of observed ecohydrological changes may have also been due to low predisturbance tree densities, resulting in a less extreme increase in light than in comparative studies (Shields et al., 2007; Fenton et al., 2003) . However, the sky view factor was significantly reduced in the treatment plots. At a sky view factor of 0.85, both species could maintain their presence and ecohydrological functioning. Further work is required to assess whether the predisturbance tree density or sky view factor has an impact on species presence and ecohydrological function.
However, given the high sky view factor values for treatment plots, this study highlights that light alone is not enough to rapidly change species composition.
Sphagnum fuscum percentage cover did not change between control and treatment collars. This was expected because S. fuscum usually grows in areas with a less dense tree cover (Bisbee et al., 2001 ).
S. fuscum decline in literature has been attributed to a physiological shock in response to increased light levels (Fenton & Bergeron, 2007) . This may have occurred in the short-term after which the S. fuscum subsequently recovered (Clymo & Duckett, 1986) . For example, Locky and Bayley (2007) found a decline in Sphagnum cover 1 to 4 years after tree-canopy removal but a subsequent increase after 9 to 12 years.
| Hydrological and biogeochemical response
Differences in P. schreberi GEP and r s between treatment and control collars were not significant in this study (Figures 1 and 2 ). The lack of connectivity with a water supply means that P. schreberi can only evaporate until the water available (from precipitation (Busby et al., 1978) , dew and distillation (Carleton & Dunham, 2003) ) runs out and then it FIGURE 1 Mean ( ± SE) gross ecosystem productivity for each collar (n = 5) with five repeat measurements, 2014 becomes stressed. Surface resistance is a measure of resistance to evaporation from the peat surface: low surface resistance allows high evaporation rates and vice versa. Surface resistance varies with precipitation and is therefore highly variable within a subhumid climate. This is supported by highly variable r s , GEP, and F v /F m measurements for control plots. Evaporative stress is likely happening for a greater proportion of the day and is likely the cause of the long-term decline in P. schreberi abundance. There was also no significant change observed in S. fuscum r s and GEP. S. fuscum can access water at depth, allowing it to meet most increases in evaporative demand (e.g., increased energy at the surface) and maintain consistent r s and GEP rates. This is supported by F v /F m values that were consistently near the optimum range in both treatment and control plots (Figure 4 ). Although no significant changes in r s and GEP were observed between treatments, significant differences were found between species for GEP and r s , supporting suggestions that species compositions have the dominant control over C and water fluxes (Heijmans, Arp, & Chapin, 2004) . In the short/ medium-term, moss layer hydrology and biogeochemistry have not Bryophyte species act a first order control on the small scale atmospheric carbon and water fluxes from peatlands. Ecohydrological feedback models that assume moss layer species change in equilibrium with tree-canopy PAR (BETA model; Kettridge et al., 2013) may provide a poor estimation of water fluxes during any transition period. Although PAR is a distinguishing feature between P. schreberi and S. fuscum dominated peatlands, the species compositional response to increased PAR is not immediate. This delayed response, compared to immediate responses of the same species within other studies (Shields et al., 2007) highlight that different environmental factors, has varying controls over species competitive strengths and response rates to disturbances. As such, including appropriate disturbance response rates in ecohydrological models could dramatically improve their carbon and water balance prediction capabilities. For example, in this study, we predict a shift toward an S. fuscum dominated system and increased carbon accumulation and evaporation from the moss layer, provided trees do not reestablish quickly. However, if the rate at which trees reestablish is faster than the rate at which P. schreberi cover significantly declines, the system could revert back to the status quo without significant changes to biogeochemistry and hydrology. Understanding species response rates provides better insight into ecosystem resistance to disturbance, ecohydrological feedback mechanisms, and quantification of carbon and water fluxes within globally important peatland systems.
| CONCLUSION
Within the studied peatland, no significant changes in species composition, surface resistance, or carbon fluxes from the bryophyte layer were observed as a result of tree-canopy removal. This study was uniquely conducted in a peatland system where confounding changes associated with tree-canopy clearance (e.g., significant water table changes and machinery influences) were avoided, allowing confident interpretation of results that were a direct effect of tree-canopy removal. These results showed slower changes (40% decrease in P. schreberi after 4 years) than those observed in short-term studies undertaken within mineral soils, which suggest that water table variations and/or harvest method may modify the responses of species to tree-canopy removal. Long-term changes are likely to result in a shift toward an S. fuscum dominated system as a result of evaporative stress causing weakened competitive strength of P. schreberi and eventual mortality. Because species have a dominant control over carbon and water fluxes from the system after tree-canopy removal, we argue that further process-based understanding of moss species compositional change over medium to long-term is essential for more accurate estimations of carbon and water fluxes in these globally important ecosystems.
